Background: Hyperfibrinolysis is a critical complication in severe trauma. Hyperfibrinolysis is traditionally diagnosed via elevated D-dimer or fibrin/fibrinogen degradation product levels, and recently, using thromboelastometry. Although hyperfibrinolysis is observed in patients with severe isolated traumatic brain injury (TBI) on arrival at the emergency department (ED), it is unclear which factors induce hyperfibrinolysis. The present study aimed to investigate the factors associated with hyperfibrinolysis in patients with isolated severe TBI. Methods: We conducted a multicentre retrospective review of data for adult trauma patients with an injury severity score ≥ 16, and selected patients with isolated TBI (TBI group) and extra-cranial trauma (non-TBI group). The TBI group included patients with an abbreviated injury score (AIS) for the head ≥ 4 and an extra-cranial AIS < 2. The non-TBI group included patients with an extra-cranial AIS ≥ 3 and head AIS < 2. Hyperfibrinolysis was defined as a D-dimer level ≥ 38 mg/L on arrival at the ED. We evaluated the relationships between hyperfibrinolysis and injury severity/tissue injury/tissue perfusion in TBI patients by comparing them with non-TBI patients. Results: We enrolled 111 patients in the TBI group and 126 in the non-TBI group. In both groups, patients with hyperfibrinolysis had more severe injuries and received transfusion more frequently than patients without hyperfibrinolysis. Tissue injury, evaluated on the basis of lactate dehydrogenase and creatine kinase levels, was associated with hyperfibrinolysis in both groups. Among patients with TBI, the mortality rate was higher in those with hyperfibrinolysis than in those without hyperfibrinolysis. Tissue hypoperfusion, evaluated on the basis of lactate level, was associated with hyperfibrinolysis in only the non-TBI group. Although the increase in lactate level was correlated with the deterioration of coagulofibrinolytic variables (prolonged prothrombin time and activated partial thromboplastin time, decreased fibrinogen levels, and increased D-dimer levels) in the non-TBI group, no such correlation was observed in the TBI group. Conclusions: Hyperfibrinolysis is associated with tissue injury and trauma severity in TBI and non-TBI patients. However, tissue hypoperfusion is associated with hyperfibrinolysis in non-TBI patients, but not in TBI patients. Tissue hypoperfusion may not be a prerequisite for the occurrence of hyperfibrinolysis in patients with isolated TBI.
Background
The acute phase of severe trauma is a frequent setting for trauma-induced coagulopathy, which may develop into severe haemorrhage due to coagulation abnormalities and contribute to a poor outcome [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Hyperfibrinolysis is one of the distinctive features of trauma-induced coagulopathy [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Hyperfibrinolysis has been traditionally recognized by the presence of elevated D-dimer or fibrin/ fibrinogen degradation product levels [2] [3] [4] [5] [6] . In addition, recent studies have reported that hyperfibrinolysis is detected as clot lysis on thromboelastometry [7] [8] [9] [10] [11] . In thromboelastometry, clot lysis is observed when the α 2 -antiplasmin cannot inhibit the action of free plasmin activated by tissue-plasminogen activator (t-PA) in blood samples [9] . On the other hand, elevation of the D-dimer level results from degradation of fibrin by plasmin, regardless of the marked increase in free t-PA level and consumption of α 2 -antiplasmin [12] . Therefore, elevated D-dimer levels may be a sensitive indicator of hyperfibrinolysis and a predictor of poor outcome in patients with severe trauma [3, 5, 9] .
In patients with isolated severe traumatic brain injury (TBI), hyperfibrinolysis is often observed on arrival at the emergency department (ED), and is associated with intracranial haematoma enlargement [5, 6, [13] [14] [15] [16] . Furthermore, hyperfibrinolysis contributes to the development of coagulopathy and a poor outcome in isolated severe TBI [5, [14] [15] [16] . Maegele proposed that hyperfibrinolysis was induced by tissue hypoperfusion in TBI [16] . Furthermore, Cohen at al. [17] reported that TBI alone does not cause hyperfibrinolysis and coagulopathy, but must be coupled with tissue hypoperfusion. Conversely, Lustenberger et al. [18] indicated that tissue hypoperfusion was not essential for the development of coagulation abnormalities in patients with severe TBI. Therefore, the relationship between tissue hypoperfusion and hyperfibrinolysis remains unclear in patients with isolated TBI.
As is the case with hypoperfusion, tissue injury is speculated to independently cause hyperfibrinolysis in severe trauma [1-3, 13, 14, 19, 20] . Immediately after trauma, microparticles exposing tissue factor [13, 19, [21] [22] [23] and damage-associated molecular patterns (DAMPs), such as histones [24, 25] and mitochondrial DNA [26] , are released from damaged tissue into the systemic circulation and activate the coagulation system. The activation of the coagulation system triggers the activation of the fibrinolytic system, thus leading to the generation of plasmin [27] . Massive tissue injury induces excessive release of tissue factor and DAMPs and unregulated activation of the coagulation system [1, 3, 13, 14, [24] [25] [26] , which induces increased plasmin generation and the consumption of alpha 2-plasmin inhibitor [13, 14, 20, 28] . Low levels of alpha 2-plasmin inhibitor may lead to accelerated fibrinolysis and result in hyperfibrinolysis [13, 14, 20, 28] . However, the pathophysiological role of tissue injury and hypoperfusion in the development of hyperfibrinolysis remains unclear in patients with and without TBI.
The present study aimed to investigate the factors associated with hyperfibrinolysis in patients with isolated severe TBI. We evaluated the relationships between hyperfibrinolysis and injury severity/tissue injury/tissue perfusion in patients with TBI by comparing them with non-TBI patients.
Methods

Patient selection and data collection
This retrospective study investigated coagulation disorders in patients with severe trauma at 15 tertiary emergency and critical care centres in Japan (Japanese Observational Study for Coagulation and Thrombolysis in Early Trauma, J-OCTET). The J-OCTET recruited consecutive patients with severe trauma with an injury severity score (ISS) ≥ 16, who were admitted to EDs from January 2012 through December 2012 for the purpose of investigating coagulation abnormalities, transfusion, and mortality [3, 29, 30] . Patients were excluded if they were younger than 18 years; pregnant; or exhibited cardiac arrest, burns, isolated cervical spine injury not caused by a high-energy accident, or liver cirrhosis. The laboratory test results, which were promptly obtained on arrival at the ED, clinical background, treatment, and outcome of the patients were retrospectively analysed.
In the present study, we selected patients with isolated TBI and patients with severe extra-cranial trauma without TBI from the J-OCTET database. Patients were excluded if: (1) they had used anti-coagulant or antiplatelet drugs before the accident; (2) they had received infusions before arrival in the ED; (3) they had penetrating trauma; or (4) the D-dimer level had not been measured on arrival at the ED.
Definitions
We defined patients with isolated TBI (the TBI group) as patients with an abbreviated injury score (AIS) for the head ≥ 4 and an extra-cranial AIS < 2. Patients with isolated TBI and with a head AIS of 3 and extra-cranial AIS < 2 were not included, because the J-OCTET recruited only patients with severe trauma, with an ISS ≥ 16. Patients with severe extra-cranial trauma without TBI (the non-TBI group) were defined as patients with an extracranial AIS ≥ 3 and head AIS < 2. Hyperfibrinolysis was defined as a D-dimer level ≥ 38 mg/L on arrival at the ED, on the basis of our previous study, which indicated that a high D-dimer level was a strong predictor of poor outcome [3] . Lactate was used as a surrogate marker of tissue hypoperfusion, similar to previous studies [2, 7, 11] .
Lactate dehydrogenase (LDH) and creatine kinase (CK) were used as surrogate markers of tissue injury, because they are expressed by brain tissue and muscle as well as various other tissues [31, 32] . The patient's outcome was evaluated according to mortality rates at 24 hours, 48 hours, and 28 days, and at the time of hospital discharge (in-hospital mortality).
Statistical analysis
All variables are expressed as the median and interquartile range (i.e., the first to third quartiles) or number (percentage). Intergroup comparisons were made using the Mann-Whitney U test or χ 2 test. Multiple logistic regression analysis was used to assess relationships between hyperfibrinolysis and patient characteristics. Patient age and sex were used as covariates in the multiple logistic regression analysis. Correlations between two measurements were investigated via Pearson's correlation analysis after logarithmic transformation. SPSS 22.0 J (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses. The level of significance was set at P < 0.05; we did not conduct or adjust for multiple tests because of the retrospective, exploratory nature of this study.
Results
Patient characteristics
The TBI group included 111 patients and the non-TBI group included 126 patients ( Fig. 1) . The patient characteristics in the TBI and non-TBI groups are shown in Patients were excluded if they had used anti-coagulant or anti-platelet drugs before the accident or received an infusion before arrival at the ED. Patients with penetrating trauma and those whose D-dimer levels were not measured on arrival at the ED were also excluded Table 1 . The patients in the TBI group were older than those in the non-TBI group. The revised trauma scores in the TBI group were worse than those in the non-TBI group. Although many variables differed between the two groups, the D-dimer levels on admission to the ED were not different. Table 2 presents the characteristics of patients with and without hyperfibrinolysis in each group. On arrival at the ED, 34 (31%) and 46 (37%) patients in the TBI and non-TBI groups, respectively, were diagnosed as having hyperfibrinolysis. The frequency of hyperfibrinolysis was not significantly different between the groups (P = 0.340). In both groups, the injury severity scores (ISS and revised trauma score) of the patients with hyperfibrinolysis were higher than those of patients without hyperfibrinolysis. Although the systolic blood pressure measurements in patients with TBI and hyperfibrinolysis were higher than those in patients with TBI and no hyperfibrinolysis, the systolic blood pressure measurements in non-TBI patients with hyperfibrinolysis were lower than those in non-TBI patients without hyperfibrinolysis. The levels of LDH and CK related to tissue injury in patients with hyperfibrinolysis were greater than those in patients without hyperfibrinolysis in both groups. The lactate levels did not differ between patients with and without hyperfibrinolysis in both groups.
Haemostatic treatments and amounts of transfusion
The haemostatic treatments and amounts of transfusion in patients with and without hyperfibrinolysis in the two groups are presented in Table 3 . Patients with hyperfibrinolysis were transfused larger amounts of red blood cell concentrate and fresh frozen plasma than those without hyperfibrinolysis, in both groups. Moreover, massive transfusions (≥10 units) were frequently performed in hyperfibrinolytic patients in both groups.
Mortality rates
Mortality rates in patients with and without hyperfibrinolysis in the two groups are presented in Table 4 . Mortality rates at 24 hours, 48 hours, and 28 days and in-hospital mortality rates were higher in hyperfibrinolytic patients than in those without hyperfibrinolysis in the TBI group only. Figure 2 shows the odds ratios for hyperfibrinolysis adjusted for age and sex. Associations between hyperfibrinolysis and injury severity (ISS and revised trauma score) were observed in both the TBI and non-TBI groups. Tissue injury evaluated on the basis of the LDH and CK levels was also associated with hyperfibrinolysis in both groups.
Factors associated with hyperfibrinolysis
On analysing the relationship between hyperfibrinolysis and tissue perfusion, the systolic blood pressure measurements were associated with hyperfibrinolysis in both groups. However, hyperfibrinolysis was associated with elevated blood pressure in the TBI group, and decreased blood pressure in the non-TBI group. The lactate level, reflecting tissue hypoperfusion, was associated with hyperfibrinolysis in the non-TBI group only. The results of Pearson's correlation analysis between the coagulofibrinolytic variables and lactate levels in the two groups are presented in Table 5 . In the non-TBI group, an increase in the lactate level was correlated with deterioration in each of the coagulofibrinolytic variables (prolongation of prothrombin time (PT) and activated partial thromboplastin time (APTT), decrease in fibrinogen levels, and elevation of D-dimer levels) on arrival at the ED. However, no correlation was observed between the lactate level and any of the coagulofibrinolytic variables in the TBI group.
Discussion
The present study demonstrated that tissue hypoperfusion evaluated on the basis of the lactate level was associated with hyperfibrinolysis and deterioration of coagulofibrinolytic variables (prolongation of prothrombin time (PT) and activated partial thromboplastin time (APTT), 61-90 min, n (%) 5 (7) 2 (6) 13 (17) 5 (11) 91-120 min, n (%) 7 (9) 0 (0) 1 (1) 1 (2) Over 120 min, n (%) ISS injury severity score, BP blood pressure, AST aspartate aminotransferase, ALT alanine aminotransferase, LDH lactate dehydrogenase, CK creatine kinase, PT-INR prothrombin time-international normalized ratio, APTT activated partial thromboplastin time, TBI traumatic brain injury decrease in fibrinogen levels, and elevation of D-dimer levels) on arrival at the ED in the non-TBI group, but not in the TBI group. However, hyperfibrinolysis on arrival at the ED was related to injury severity and degree of tissue injury in both the TBI and non-TBI groups.
Previous studies indicate that tissue hypoperfusion may contribute to the development of hyperfibrinolysis, evaluated via thromboelastometry in areas outside the isolated TBI [7] [8] [9] [10] [11] . In the present study, hyperfibrinolysis was associated with hypoperfusion and decreased blood pressure in the non-TBI group (Fig. 2) . Furthermore, increased lactate levels were correlated with deterioration of the coagulofibrinolytic variables in the non-TBI group. In the fibrinolytic system, one of the key enzymes is t-PA, which catalyses the conversion of plasminogen to plasmin [33] . Tissue hypoperfusion stimulates the endothelial cells and induces the release of t-PA from the endothelial cells into the systemic circulation [34, 35] . Furthermore, this acute and massive t-PA release induces hyperfibrinolysis [2, 7, 8, 10, [36] [37] [38] [39] . Previous studies [17, 18] that investigated the relationships between hyperfibrinolysis and hypoperfusion in isolated TBI involved more than twice the number of patients with a base deficit (BD) > 6 mEq/L than that included in the present study. Although the present study was limited to patients with isolated blunt TBI, previous studies also included patients with penetrating brain injury [17, 18] . Moreover, injuries to organs other than the brain were more severe (AIS < 3) than those reported in our study (AIS < 2) [17, 18] . Therefore, the effects of injuries to organs other than the brain and/or penetrating brain injuries should have demonstrated a more pronounced effect on the elevation of BD in the previous studies, when compared with our findings.
We demonstrated that tissue injury, evaluated on the basis of the LDH and CK levels, was associated with hyperfibrinolysis in both the TBI and the non-TBI groups (Fig. 2) in the present study. LDH and CK have been reported to be associated with severity of multiple trauma [40] , liver injury [41] , TBI [42] , and crash syndrome [43] ; thus, LDH and CK appropriately represent the degree of trauma-induced cell destruction in various tissues. The destroyed cells release microparticles expressing tissue factor [13, 19, [21] [22] [23] and DAMPs [24] [25] [26] , similar to LDH and CK, into the systemic circulation and activate the coagulation system during the early Table 3 Haemostatic treatments and amounts of transfusion among patients with and without hyperfibrinolysis TBI P value Non-TBI P value Hyperfibrinolysis (-) n = 77
Hyperfibrinolysis (-) n = 80
Haemostatic intervention, n (%) 1 ( phase of trauma. The activation of the coagulation system results in fibrin formation and triggers the activation of the fibrinolytic system, thus leading to the generation of plasmin [27] . Consequently, the generated plasmin induces physiological fibrinolysis [27] . However, excessive release of microparticles and DAMPs results in unregulated activation of the coagulation system and formation of massive amounts of fibrin, eventually leading to consumption coagulopathy [13, 19, [21] [22] [23] [24] [25] [26] . The massive fibrin formation simultaneously induces increased plasmin generation and the consumption of α 2 -plasmin inhibitor [13, 20, 44] . Low levels of the α 2 -plasmin inhibitor accelerate fibrinolysis and result in hyperfibrinolysis [13, 20, 44] . In the present study, the aetiological factors in hyperfibrinolysis differed between the TBI and non-TBI groups. Both severe tissue injury and hypoperfusion induce hyperfibrinolysis [2, 7, 8, 10, 13, 20, [36] [37] [38] [39] 44] . In patients with injuries to the torso (non-TBI group), both severe tissue injury and hypoperfusion are frequent complications. Therefore, hyperfibrinolysis was found to be associated with both severe tissue injury and hypoperfusion in the non-TBI group. On the other hand, in patients with isolated TBI (TBI group), although tissue injury is a common complication, hypoperfusion rarely occurs. Therefore, in the TBI group, hyperfibrinolysis was determined to be associated with tissue injury only, and not tissue hypoperfusion.
Although hyperfibrinolysis in trauma patients is currently evaluated using thromboelastometry [7] [8] [9] [10] [11] , we used D-dimer as a surrogate marker of hyperfibrinolysis in the present study. Thromboelastometry-indicated hyperfibrinolysis is observed when α 2 -antiplasmin cannot inhibit the action of free plasmin, which is newly activated by the t-PA in the blood sample subjected to thromboelastometry [9] . Raza et al. indicated that hyperfibrinolysis was not detected in more than 90% of trauma patients with marked generation of plasmin using thromboelastometry [9] . Therefore, thromboelastometry can detect hyperfibrinolysis only under the conditions of high free t-PA levels and significantly reduced α 2 -antiplasmin levels [9] . However, elevated D-dimer level is a more sensitive detection tool for hyperfibrinolysis than thromboelastometry, because elevation of the D-dimer level results from degradation of fibrin by plasmin, regardless of the marked increase in free t-PA level and consumption of α 2 -antiplasmin [12] . However, the appropriate cut-off level for D- Fig. 2 Adjusted odds ratios for hyperfibrinolysis. The odds ratios were adjusted for age and sex. Odds ratios (black squares) and 95% confidence intervals (bars). TBI traumatic brain injury, ISS injury severity score, RTS revised trauma score, BP blood pressure, LDH lactate dehydrogenase, CK creatine kinase Pearson's correlation analyses were performed after logarithmic transformation PT-INR prothrombin time-international normalized ratio, APTT activated partial thromboplastin time, DIC disseminated intravascular coagulation, TBI traumatic brain injury dimer for diagnosing hyperfibrinolysis is unclear. We adopted ≥ 38 mg/L as the cut-off level for hyperfibrinolysis on the basis of the findings of our previous study, which indicated poor outcomes [3] . Previous studies have investigated the relationship between hyperfibrinolysis and tissue hypoperfusion in severe trauma [2, 7, 9-11, 17, 18] . In these studies, tissue hypoperfusion was assessed on the basis of base deficit [9-11, 17, 18] or lactate level [2, 7, 11] . However, the base deficit value is affected by the balance of sodium, chloride, albumin, and lactate levels [45] . Therefore, in the present study, we used only the lactate level to screen for tissue hypoperfusion because lactate reflects tissue perfusion more directly than does the base deficit [45, 46] . This retrospective multicentre study has several limitations. First, the number of patients with hyperfibrinolysis in the TBI group was not large. Statistical limitations may be involved. Second, the anatomical characteristics of patient injury (e.g., epidural haematoma, subdural haematoma, and cerebral contusion) in the TBI group were unclear. Therefore, the anatomical characteristics of brain injury have not been appropriately reflected in the present analysis. Third, although lactate level was used as a surrogate marker of tissue hypoperfusion in the present study, an increase in the lactate level was not caused only by tissue hypoperfusion, but also by epinephrine-induced β2-adrenoceptor stimulation [46] . In patients with severe trauma, serum epinephrine concentration frequently and significantly increases on arrival at the ED [47] . Therefore, lactate levels in patients with trauma may be affected by the epinephrine released from the adrenal gland due to trauma [46] .
Conclusion
Hyperfibrinolysis is associated with tissue injury in both patients with TBI and in non-TBI patients. However, tissue hypoperfusion is associated with hyperfibrinolysis in non-TBI patients, but not in patients with TBI. Tissue hypoperfusion may therefore not be essential for the development of hyperfibrinolysis in patients with isolated TBI. 
